The development of new technology and research methods has brought fundamental and applied studies of the silkworm, *Bombyx mori*, into the functional genomics era[@b1][@b2]. Establishment of a multi-genes expression system (MGES) in silkworms allows the following potential advances: (i) visually studying the function of targeted genes, especially relationships within multiple genes (e.g. transcription factors or enzymes), (ii) simplifying the co-expression of multiple genes or multi-subunit protein complexes in silk gland bioreactor research (e.g. genes with multiple functions or antibody), (iii) creating a new multi-resistant transgenic silkworm strain (e.g. *B. mori* nuclear polyhedrosis virus (BmNPV) and cytoplasmic polyhedrosis virus (BmCPV) multi-resistant silkworm), and (iv) genetically modifying the middle and posterior silk gland of silkworms to produce multi-functional silk materials.

The 2A self-cleaving peptide (2A), which was discovered in the foot-and-mouth-disease virus (FMDV) in 1991, is an oligopeptide (usually 19--22 amino acids) located between two proteins in some members of the picornavirus family[@b3]. The 2A self-cleaving peptide of FMDV might undergo self-cleavage to generate mature viral proteins by a translational effect that is known as "stop-go" or "stop-carry". The cleavage site is located between the last glycine of its C-terminal and the first praline of the 2B downstream protein (−LLNFDLLKLAGDVESNPG↓P-)[@b4][@b5] ([Fig. 1A](#f1){ref-type="fig"}). To date, 2A-like sequences in other viral mRNA molecules have been successfully identified, including the porcine teschovirus-1 2A (P2A), thosea asigna virus 2A (T2A), equine rhinitis A virus 2A (E2A), cytoplasmic polyhedrosis virus (BmCPV 2A), and flacherie virus (BmIFV 2A) of *B. mori*[@b6][@b7]. The MGES based on 2As has the following advantages: (i) multiple proteins known to be expressed in equivocal amounts in the same cells and tissues because they were controlled by only one promoter, (ii) 2A is small, which can readily cleave multiple proteins while minimizing the possibility of their loss of function, and (iii) proteins linked by 2A could be co-expressed in all cell types because cleavage activity was only dependent on the ribosome, which is highly structurally conserved in eukaryotes[@b8]. Thus, MGES based on 2A sequences have been widely applied in gene therapy to treat cancer and other diseases[@b6][@b9][@b10], and to genetically modify organisms to create new functional or resistant plants and animals[@b11][@b12]. Furthermore, many researchers have used 2A sequences to study the function of genes in mice[@b13], zebrafish[@b14], swine[@b15], fruit fly[@b16], and sheep species[@b17].

In this present study, we attempted to construct an MGES based on 2A self-cleaving peptide for functional and applied studies of the silkworm, *B. mori*. First, we confirmed that a GSG spacer could improve the cleavage efficiency of native 2A. Then, P2A with an extra GSG spacer at the N-terminus (P2A-GSG) was found to have the highest cleavage efficiency among the six types of 2As and the practicality and universality of P2A-GSG cleavage was proved through cleaving the other two artificial fusion genes linked by P2A-GSG. Furthermore, we investigated whether the selected P2A-GSG could efficiently cleave targets if linked to two fluorescent proteins in the silk gland of transgenic silkworms. The findings of this study will guide the effective design of multi-gene expression vectors and promote innovative fundamental and material studies of silkworms and *Lepidopteran* insects, as well as other species in the future.

Results
=======

To screen for the 2A self-cleaving peptide with the highest cleavage efficiency and shortest amino acid length, we first aligned and analyzed the nucleic acid and amino acid sequences of four commonly used 2A self-cleaving peptides: P2A, T2A, E2A, F2A, and BmCPV2A, BmIFV2A which are from viruses that can infect silkworm larvae[@b7] ([Fig. 1B](#f1){ref-type="fig"}). A highly conserved region in the C-terminus of six selected 2As was identified, which was involved in self-cleavage according to previous reports[@b4][@b5]. Then, we analyzed whether a glycine-serine-glycine spacer (GSG)[@b6][@b18][@b19] fused at the N-terminus of 2A could improve its cleavage efficiency for BmCPV2A (30)[@b7], because our previous data showed that native BmCPV2A (30) exhibited a low cleavage efficiency in Sf9 and BmE cell lines. A total of three fusion-gene expression vectors based on hr3CQ usage of enhanced BmAct4 promoter were constructed and were transiently expressed in insect-derived cell lines ([Fig. 2A](#f2){ref-type="fig"}). Both the RFP and EGFP fluorescence signals could be detected in BmCPV2A (30), BmCPV2A (GSG+30), and negative control vector-transfected Sf9 and BmNS cells ([Fig. 2B](#f2){ref-type="fig"}, [Supplementary Figure 1A](#S1){ref-type="supplementary-material"}), suggesting that hr3CQ enhanced BmAct4 promoter-driven efficient expression of target genes. The cleaved immunoblot bands of RFP (\~30 kDa) and GFP (\~28 kDa), indicated by reactivity with specific antibodies, could be detected in BmCPV2A (30) and BmCPV2A (GSG+30) vector, but not in negative control vector-transfected cells, suggesting that BmCPV2A (30) and BmCPV2A (GSG+30) functioned to cleave and generate mature RFP and EGFP ([Fig. 2C](#f2){ref-type="fig"}, [Supplementary Figure 1B](#S1){ref-type="supplementary-material"}). Based on band intensity, the cleavage of RFP and GFP by BmCPV2A (GSG+30) was enhanced 6.58-fold in Sf9 cells and 1.69-fold in BmNS cell compared with that by BmCPV2A (30), besides, both RFP and EGFP fluorescence signals intensity in the BmCPV2A(GSG+30) were much stronger than that in BmCPV2A(30) ([Fig. 2B](#f2){ref-type="fig"}, [Supplementary Figure 1A](#S1){ref-type="supplementary-material"}), which indicated that the addition of a GSG spacer at the N-terminus significantly improved the cleavage efficiency of BmCPV2A (30) ([Fig. 2D](#f2){ref-type="fig"}, [Supplementary Figure 1C](#S1){ref-type="supplementary-material"}).

Next, a GSG spacer was added at the N-terminus of six types of 2As: P2A, T2A, E2A, F2A, BmIFV2A, and BmCPV2A; their cleavage efficiencies were analyzed by transient expression ([Fig. 3A](#f3){ref-type="fig"}). Both RFP and GFP fluorescent signals and cleaved RFP (\~30 kDa) and GFP (\~28 kDa) protein immunoblot bands could be detected in all 2A-GSGs vector-transfected cells, suggesting that all of the 2A-GSGs functioned in Sf9 cells ([Fig. 3B,C](#f3){ref-type="fig"}). Among these 2A-GSGs, we found that P2A-GSG possessed the highest cleavage efficiency, which completely cleaved the DsRed-EGFP fusion gene product (100%). Additionally, E2A-GSG, T2A-GSG, F2A-GSG, and BmCPV2A-GSG could cleave most of the fusion genes (\>90%), which was significantly higher than that of BmIFV2A-GSG (\~29%) ([Fig. 3D](#f3){ref-type="fig"}). Similar results were also obtained in transfected BmE and BmNS cells ([Supplementary Figure 2](#S1){ref-type="supplementary-material"}). These results above suggested that the P2A-GSG with the highest cleavage efficiency and shortest length could be the best candidate for an MGES in silkworms ([Table 1](#t1){ref-type="table"}).

The practicality and universality of P2A-GSG to cleave other customized fusion genes with different molecular weights were further analyzed. First, human serum albumin (HSA, molecular weight 66 kDa) and human acidic fibroblast growth factor (FGF1, molecular weight 20.2 kDa) with two types of sort orders were both linked by P2A-GSG ([Supplementary Figure 3A](#S1){ref-type="supplementary-material"}) and could be cleaved into the HSA-2A plus FGF1, FGF1-2A plus HSA protein products with corresponding molecular weights ([Supplementary Figure 3B and 3C](#S1){ref-type="supplementary-material"}) in BmE and BmNS cells, suggesting the cleavage mediated by P2A-GSG was not affected by the gene sort orders. Then, a relative large protein vitellogenin receptor fragment (VgR-F, 196kD)[@b20] of silkworm was linked to EGFP with P2A-GSG ([Fig. 4A](#f4){ref-type="fig"}) and these expression vectors were transfected to two insect-derived Sf9 and BmE cells. Obvious EGFP fluorescence signals were observed after the EGFP and VgR-F-P2A-EGFP post-transfection, but not in the VgR-F-EGFP ([Fig. 4B](#f4){ref-type="fig"}), showing that P2A-GSG cleaved the VgR-F and EGFP fusion gene. The cleaved products of the VgR-F, EGFP were also detected in the Sf9 and BmE cells ([Fig. 4C](#f4){ref-type="fig"}, [Supplementary Figure 4A](#S1){ref-type="supplementary-material"}), which indicated that the linked large protein VgR-F by P2A-GSG could be also cleaved and the practicality and universality of P2A-GSG for the co-expression of various fusion genes. Importantly, the cleaved VgR-F was detected in the culture mediums of Sf9 and BmE cells ([Fig. 4D](#f4){ref-type="fig"}, [Supplementary Figure 4B](#S1){ref-type="supplementary-material"}), suggesting that the cleaved VgR-F was secreted as the same with native VgR-F and cleavage of P2A-GSG could not affect the target's function.

The cleavage efficiency of P2A-GSG for the two co-expressed genes in transgenic silkworms was further analyzed using our previously constructed sericin1 expression system[@b21][@b22]. In this system, a fusion gene spDsRed-P2A-spEGFP, in which DsRed and EGFP each had a native ser1 signal peptide (sp) in front that was linked by P2A-GSG, was designed and inserted into a hSRSE transgenic expression vector ([Fig. 5A](#f5){ref-type="fig"}). The purified plasmids were mixed with the hsp70-PIG helper plasmid[@b21][@b22] at a 1:1 molar ratio and were microinjected into the non-diapausing eggs to generate transgenic silkworms according to a previously reported method[@b23]. A total of 24 broods with positive individuals were obtained by fluorescent screening of 3xp3-EGFP expression in the eyes ([Fig. 5B,C](#f5){ref-type="fig"}), Then, the transcription of the spDsRed-P2A-spEGFP fusion gene was detected, which ranged from 14% to 40% compared to that of the endogenous ser1 gene in three randomly selected transgenic lines ([Fig. 5D](#f5){ref-type="fig"}). To confirm whether P2A-GSG could successfully cleave spDsRed-P2A-spEGFP in transgenic silkworms, the histofluorescence property and proteins of the silk gland from spDsRed-P2A-spEGFP transgenic silkworms were analyzed. We found that the middle silk gland of spDsRed-P2A-spEGFP transgenic silkworms exhibited both RFP and GFP fluorescent signals, suggesting that the spDsRed-P2A-spEGFP fusion gene was successfully expressed by the sericin1 expression system. Furthermore, immunoblot bands of cleaved RFP (\~30 kD) and GFP (\~28 kD) could also be detected from proteins extracted from the silk gland of the three selected transgenic silkworm lines ([Fig. 6A,C](#f6){ref-type="fig"}), suggesting that P2A-GSG functioned in the silkworm to cleave the spDsRed-P2A-spEGFP fusion gene. To confirm whether cleaved RFP and EGFP could be secreted into cocoons, the cocoon histofluorescence properties and transgenic expression of spDsRed-P2A-spEGFP protein in silkworms were analyzed. We found that the RFP and EGFP fluorescent signals could also be observed in cocoons ([Fig. 6B](#f6){ref-type="fig"}) and immunoblot bands of cleaved RFP and GFP were also detected from proteins extracted from transgenic cocoons ([Fig. 6D,E](#f6){ref-type="fig"}), suggesting that cleavage of RFP and EGFP by P2A-GSG resulted in successful secretion into the silk thread.

In summary, we successfully constructed a 2A self-cleaving peptide-based MGES for the simultaneous and efficient expression of multiple exogenous genes in the silkworm.

Discussion
==========

Advances in three silkworm genome sequencing projects have markedly boosted fundamental and applied studies of silkworms (*B. mori*), which also introduces higher requirements for functional genomic research technologies and platforms[@b1][@b2]. Because of the convenience of the simultaneous and efficient expression of multiple genes in functional research studies, the MGES based on 2A self-cleavage peptides had been widely used in various species, including cells, plants, and animals[@b9][@b11][@b12][@b13][@b14][@b15][@b17], and this system will also benefit silkworm functional genomic studies.

In this present study, we attempted to construct a 2A-based MGES for silkworm functional genomic research. First, we investigated whether the selected 2A could cleave a DsRed/EGFP fusion gene, and we found that native 2A functioned inefficiently. Then, a GSG spacer was used to improve 2A cleavage by fusion at the N-terminal of 2A according to previous reports[@b6][@b18][@b19]. Thus, the cleavage efficiency of 2A was significantly improved. The mechanism of GSG might be that it reduces the inhibition rate of the 2A reaction by the C-terminal region of RFP (immediately upstream of 2A) when the extra GSG spacer was added[@b24]. Then, we compared the cleavage efficiency of six types of 2As with GSG spacers, such as P2A-GSG, E2A-GSG, BmCPV2A-GSG, T2A-GSG, F2A-GSG, and BmIFV2A-GSG, and we found that the shortest P2A-GSG possessed the highest cleavage efficiency, as it completely cleaved the DsRed/EGFP fusion gene in all insect cells tested. The cleavage efficiencies of E2A-GSG, BmCPV2A-GSG, F2A-GSG, and T2A-GSG were all over 90%, which was significantly higher than that of BmIFV2A-GSG (17%--70%). Next, we expressed the FGF1/HSA, HSA/FGF1 fusion genes and relative large protein VgR-F/EGFP fusion gene by P2A-GSG for its practicality and universality to cleave other customized fusion genes with different molecular weights. Notably, we noticed that the expression level of a downstream gene of P2A-GSG, FGF1, was clearly increased, and both FGF1 and HSA expression levels were enhanced when the HSA gene was located upstream of P2A-GSG ([Supplementary Figure 3B--F](#S1){ref-type="supplementary-material"}). This finding was similar to that of a previous report[@b25], in which mAb expression improved after transfection with an L-F2A-H expression vector compared with transfection with a H-F2A-L expression vector in CHO DG44 cells. Based on Sunghoon Hurh's result, with increasing expression of upstream genes (e.g. hCD46, hTBM, and (HA) HO1) of 2A, corresponding downstream expression of EGFP improved[@b26]. We could assume that HSA should have higher expression in BmE and BmNs cells compared with FGF1, which indicated to us that gene arrangement would be an important factor in the design of an effective MGES. Moreover, the cleaved VgR-F by P2A-GSG was secreted into culture mediums as the same with native VgR-F ([Fig. 4D](#f4){ref-type="fig"}, [Supplementary Figure 4B](#S1){ref-type="supplementary-material"}), which showed that the cleaved VgR-F probably retained its biologic function and P2A-GSG may be an efficient tool to study gene's function since cleavage of P2A-GSG did not affect target's function.

Additionally, the P2A-GSG-linked spDsRed-P2A-spEGFP fusion gene, which was controlled by a previously reported sericin1 expression system, was used to generate transgenic silkworms. Both the middle silk gland and cocoon of transgenic silkworms exhibited intense DsRed and EGFP fluorescent signals, especially the immunoblot bands of cleaved fluorescent protein products that could also be detected in both the middle silk gland and cocoon of the transgenic silkworms, suggesting that P2A-GSG functioned in transgenic silkworms to cleave the linked fusion genes. These findings suggested that we successfully constructed a P2A-GSG-based MGES for simultaneous and efficient expression of multiple exogenous genes in silkworms.

The MGES will accelerate fundamental and applied silkworm research. For example, functional genes related to silkworm development and metamorphosis could be simultaneously expressed with their potential effectors or a fluorescent reporter to better understand their interactions or expression patterns. We had genetically engineered a silk with wound healing function by a transgenic silkworm[@b21]. Thus, silk spun by the silkworm will be simultaneously generated with two or more extra valuable functions, such as wound healing and antibacterial activity, biocompatible and tissue regenerative capacity, or high strength and toughness by MGES mediated co-expression of several functional genes, which will surely expand the applications of silk materials. Silkworms with high resistance or multiple resistances to pathogenic micro-organisms, such as BmNPV, BmCPV, and *Bombyx B. mori* densovirus (BmDPV), could be genetically modified by simultaneously expressing several antiviral genes, such as hycu-ep32 or Bmlipase-1 using the MGES[@b27][@b28][@b29][@b30]. Overall, our findings will establish a novel technological strategy for multi-gene expression in silkworms and will benefit functional genetic research, and could potentially allow genetic modifications of silkworms. Moreover, it will also guide the construction of MGES for other *Lepidopteran* insects and species.

Methods
=======

Cell lines
----------

The Sf9 ovary cell line from *Spodoptera frugiperda*, the BmE embryonic cell line from *B. mori*, and the BmNS ovarian cell line from *B. mori* larvae were all maintained in our laboratory. The Sf9 and BmE cell lines were maintained in Grace's medium (Gibco), and the BmNS cell line was maintained in Tc100 medium (US Biological) supplemented with 10% fetal bovine serum (Gibco).

Vector construction
-------------------

DsRed-2A-EGFP, FGF1-P2A-HSA, and HSA-P2A-FGF1 fusion genes were amplified by overlapping PCR[@b9], as described previously with slight modifications. The resulting fusion fragments were cloned into a pUC19 vector (Takara) and sequenced. Then, the correct fragments were sub-cloned into the transient expression vector pSL1180 \[hr3CQ BmAct4 Luc Ser1PA\][@b22][@b31], which consisted of hr3 enhancer from the nuclear polyhedrosis virus of Chongqing Bombyx mori strain (hr3CQ), the *actin 4* gene promoter from silkworm genomic DNA (BmAct4) and the 3′-UTR of the *sericin1* gene (Ser1PA); the resulting vectors were termed pSL1180 \[hr3CQ BmAct4 fusion genes Ser1PA\]. Then, P2A-EGFP and EGFP fragments with XhoI and NotI was amplified from pSL1180 \[hr3CQBmAct4DsRed-P2A-EGFPSer1PA\] and then sub-cloned into pSL1180\[hr3CQBmAct4VgRSer1PA\] (kindly gift from Dr. Enxiang Chen in our laboratory), thus, the resulting vectors were pSL\[hr3CQBmAct4VgR-F-P2A-EGFPSer1PA\] and pSL\[hr3CQBmAct4VgR-F-EGFPSer1PA\].

The fusion gene spDsRed-P2A-spEGFP (commercially synthesized by Genscript) encoded a P2A self-cleaving peptide, DsRed, and EGFP genes, and signal peptide from the ser1 gene (sp) was added at the N-terminus of the DsRed and EGFP genes. The spDsRed-P2A-spEGFP fragment was sub-cloned into the intermediate vector pSL1180 \[hr3CQSer1DsRedSer1PA\][@b22], which contained the hr3CQ enhancer, the Ser1 promoter of gene Ser1 (Ser1-P), and the Ser1PA. Then, the whole transcriptional regulation unit was sub-cloned into the pBac \[3xp3EGFPaf\] basic transgenic vector[@b23][@b32]; the resulting vector was designated pR-P2A-E. Sequences of all primers used to amplify the fusion genes are summarized in [Supplementary Table 1](#S1){ref-type="supplementary-material"}.

Transient expression of vectors in cells
----------------------------------------

The transfection method was based on previous reports with slight modifications[@b22]. Plasmids were prepared using Plasmid Mini kits (Qiagen). SF9, BmE, and BmNS cells were equivalently transfected in six-well culture plates with 1 mg of each plasmid DNA and 3 μl X-tremeGENE HP DNA Transfection Reagent (Roche) in a final volume of 500 μl antibiotic-free serum-free medium. After 5 h, medium was replaced with complete medium for 3 days.

Generation of transgenic silkworm
---------------------------------

The *B. mori* strain Dazao, which was reared on fresh mulberry leaves, was used in our study. Injected embryos were prepared as described in a previous protocol[@b33] and the piggyBac transgenic vector pR-P2A-E mixed with a hsp70-PIG helper[@b34] was microinjected into silkworm embryos 2 h after oviposition using a TransferMan NK2 micromanipulator and a Femto Jet 5247 microinjector (Eppendorf) under a SZX16 microscope (Olympus). Then, injected embryos were incubated at 25 °C and 90% relative humidity. The hatched larvae were collected and reared on fresh mulberry leaves and G0 moths were sibling crossed to screen the positive broods in G1 embryos using an Olympus SZX12 fluorescent stereomicroscope (Olympus).

Real-time PCR
-------------

All samples were extracted from the middle silk gland of three randomly selected silkworms on the seventh day of the fifth instar. The relative expression levels of the fusion gene mRNA were quantified on an ABI Prism 7000 sequence detection system (Applied Biosystems) with a SYBR Premix exTaq kit (Takara). The endogenous gene *Ser1* was used as a control and the primers used are summarized in [Supplementary Table 1](#S1){ref-type="supplementary-material"}.

Protein analysis of transfected cells, middle silk gland, and cocoons of transgenic silkworm
--------------------------------------------------------------------------------------------

Whole cell proteins in the SF9, BmE and BmNS cells were extracted using RIPA lysis buffer (Beyotime) that included EDTA-free protease inhibitor cocktail (Sigma)[@b8]. Whole proteins from the middle silk gland were extracted in PBS solution (135 mM NaCl, 2.7 mM KCl, 1.5 mM KH~2~PO~4~, and 8 mM K~2~HPO~4~, pH 7.2) from pieces of the middle silk glands, which were dissected from three randomly positive silkworms and incubated at 4 °C overnight. Whole cocoon proteins were extracted from 20 mg cocoon powder of ten randomly selected cocoons with 1 ml urea solution (8 M urea, 25 mM Tris-HCl, pH 7.0) at 80 °C for 30 min[@b22]. Then, all protein samples were centrifuged at 17,900 g for 5 min to collect supernatants. After measuring protein concentrations using an Enhanced BCA Protein Assay Kit (Beyotime), samples were subjected to 12% SDS--PAGE and analyzed by Coomassie brilliant blue staining and western blotting. By western blotting, primary antibodies---anti-GFP and anti-Red, anti-FGF1 and anti-HSA, anti-VgR-F or one control primary antibody, β-tubulin, were incubated with the membranes and then with a secondary anti-rabbit IgG antibody. Finally, bands on the membranes were visualized using an ECL Western Blotting Detection System (Amersham Biosciences). Images were recorded by autoexposure for a few seconds using a Chemiscope Series (Clinx science instruments). Experiments were carried out in triplicate.

Estimation of 2A cleavage efficiency
------------------------------------

Cleavage efficiency of the 2A self-cleaving peptide was estimated as described[@b8] previously using the following formula: cleavage efficiency = cleaved form/(cleaved form + uncleaved form). The cleaved and uncleaved forms were normalized to β-tubulin. The amounts of each form were calculated based on band intensity on western blots measured using ImageJ software. P-values were determined by two-tailed Student's *t*-test (n = 3).

Imaging
-------

For cell imaging, cultured SF9, BmE, and BmNS cells were directly imaged with an Olympus SZX12 fluorescent stereomicroscope (Olympus). Exposure times were 15 ms for DsRed and 100 ms for EGFP after excitation. For the middle silk gland on the seventh day in the fifth stage larva, fluorescence signals were also observed using an Olympus SZX12 fluorescent stereomicroscope and exposure times were 30 ms for DsRed and 80 ms for EGFP after excitation.
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![Cleavage mechanism and sequence analysis of 2A self-cleaving peptide.\
(**A**) Self-cleavage mechanism of 2A self-cleaving peptide. The cleavage site locates between glycine (G) and praline (P) at its C-terminus. After self-cleavage, amino acids residues at the N-terminus of 2A linked to upstream protein and its last praline residue remained to the downstream protein, but the residues of 2A could be removed through furin and signal peptide[@b9]. (**B**) Sequence analysis of six 2As which was respectively from porcine teschovirus-1 2A (P2A), thoseaasigna virus 2A (T2A), equine rhinitis a virus 2A (E2A), foot and mouth disease virus 2A (F2A), cytoplasmic polyhedrosis virus 2A (BmCPV2A) and flacherie Virus 2A (BmIFV2A).](srep16273-f1){#f1}

![GSG spacer significantly improved the cleavage efficiency of 2A self-cleaving peptide in Sf9 cell.\
(**A**) Schematic diagram of DsRed-2A-EGFP fusion gene expression vectors. BmCPV2A(30)[@b8], BmCPV2A(GSG+30) and Control respectively was the native BmCPV2A, GSG spacer added BmCPV2A(30) and negative control. The skeleton of expression vector contained hr3CQ enhancer, BmAct4 promoter and Ser1PA was used by Wang[@b22] (the same below). (**B**) The results of fluorescent signal post-transfection in the Sf9 cell. The White, Red and EGFP respectively indicated the results in the white, red and green lights (the same below). (**C**) Protein analysis of samples from the Sf9 cells. (**D**) Cleavage efficiency analysis between BmCPV2A (30) and BmCPV2A(GSG+30) in the Sf9 cell. Scale bar, 400um.](srep16273-f2){#f2}

![P2A-GSG possesses the highest cleavage efficiency to cleave DeRed-2A-EGFP fusion gene in the Sf9 cell.\
(**A**) Schematic diagram of DsRed-2A-EGFP fusion gene expression vectors. GSG spacer was added at the N-terminus of each P2A, T2A, E2A, F2A, BmCPV2A and BmIFV2A. (**B**) The results of fluorescent signal post-transfection in the Sf9 cells. (**C**) Protein analysis of samples from the Sf9 cells. (**D**) Cleavage efficiency analysis of six type 2A self-cleaving peptides in the Sf9 cells. Scale bar, 400 um.](srep16273-f3){#f3}

![P2A-GSG cleaved the VgR-F-2A-EGFP fusion gene in the Sf9 cell.\
(**A**) Schematic diagram of VgR-F, EGFP, VgR-F-P2A-EGFP and VgR-F-EGFP fusion gene expression vectors. (**B**) The results of fluorescent signal post-transfection in the Sf9 cells. (**C**) Protein analysis of samples from the Sf9 cells. (**D**) Protein analysis of samples from the culture mediums of Sf9 cells. Scale bar, 400 um.](srep16273-f4){#f4}

![Generation of transgenic spDsRed-P2A-spEGFP silkworm.\
(**A**) Schematic diagram of pR-P2A-E transgenic vector. spDsRed-P2A-spEGFP was fusion gene consisted of signal peptide of Ser1 gene (sp), red fluorescent protein gene (DsRed), enhanced green fluorescent protein gene (EGFP) and P2A-GSG self-cleaving peptide. The skeleton of expression vector contained hr3CQ enhancer, Ser1-P promoter, Ser1PA, 3xp3EGFPSV40, pBacL and pBacR were used by Wang[@b22]. (**B**) Screen for positive transgenic silkworm. (**C**) Microinjection analysis of the transgenic spDsRed-P2A-spEGFP silkworm. (**D**) Expression of fusion gene on mRNA level by real-time PCR. Ser1 is the endogenous gene, as a control and orange arrows were primers used in (**A**). Scale bar, 2 mM.](srep16273-f5){#f5}

![Expression of the spDsRed-P2A-spEGFP fusion gene in the transgenic silkworm.\
(**A**,**B**) Fluorescent images for the middle silk grand and cocoons of the transgenic spDsRed-P2A-spEGFP silkworm. WT and pR-P2A-E were the wild type and positive transgenic silkworm. (**C**) Protein analysis of samples from the middle silk grand with anti-RFP, anti-GFP antibodies. (**D**,**E**) Protein analysis for the samples from the cocoons by the coomassie brilliant blue (CCB) staining and western blotting with anti-RFP, anti-GFP antibodies. Scale bar, 2 mM.](srep16273-f6){#f6}

###### Length and cleavage efficiency of six type 2A self-cleaving peptides.

  2A self-cleaving peptide                          P2A      T2A         E2A        F2A      BmCPV2A    BmIFV2A
  ------------------------------------------------ ------ ---------- ----------- ---------- ---------- ----------
  Length[1](#t1-fn1){ref-type="fn"}                  22       21         23          25         33         33
  Cleavage efficiency[2](#t1-fn2){ref-type="fn"}    100%   90%\~97%   99%\~100%   91%\~98%   95%\~99%   17%\~70%

^1^indicated the amino acids number of 2A self-cleaving peptides containing GSG spacer used in this study.

^2^indicated the cleavage efficiency of 2A self-cleaving peptides which cleave the DsRed-2A-EGFP fusion gene in Sf9, BmNS and BmE cells.

[^1]: These authors contributed equally to this work.
